Cocultivation of a clonal factor-dependent hematopoietic cell longer required conditioned medium nor a stromal cell layer line (FDC-P1JL26) with an irradiated bone marrow stromal cell for growth. 5 The accumulation of several variant spliced tran- genes appear relevant to the emergence of factor-independent
Introduction

Growth and maintenance of cells
It is widely accepted that the bone marrow stromal cells synthesize growth factors, extracellular matrix proteins, and
The conditions for maintenance of cell lines WEHI-3B, and membrane proteins that influence the normal growth and FDCP-1JL26 and isolation of the factor-independent subclonal phenotypic differentiation of hematopoietic cells. It is not cell lines have been described. [1] [2] [3] [4] [5] 14, 15 Cell line FDC-P1JL26 known whether the genotype of hematopoietic cells can be was isolated as a clone of FDC-P1, with a more rigorous altered by contact with bone marrow stromal cells. We 1-5 and growth requirement on IL-3 and on GM-CSF. 3 The nine factorothers 6,7 have shown that clonal sublines of the factor-depenindependent cell lines that were examined represent clonal dent, hematopoietic cell line FDC-P1 cocultivated with an cell lines all derived from FDC-P1JL26. 1-3 Cell line FIJ1 was irradiated bone marrow stromal cell line or infused into isolated in the absence of stromal cell coculture and the irradiated mice greatly enhanced the isolation of factorremaining cell lines were isolated in coculture experiments independent, leukemogenic cell lines. Gamma irradiation of with D2XRII cells. Cell line FIJ4D was isolated in the presence plateau phase cultures of a murine bone marrow stromal cell of non-irradiated D2XRII but the other cell lines were isolated line, D2XRII, followed by cocultivation of subclone FDCin cocultures with irradiated D2XRII cells. P1JL26 resulted in the emergence of factor-independent cells after 5 weeks. The initial stage was characterized by the attachment of FDC-P1JL26 cells and after 2-3 weeks 'cobbleBiological assays for GM-CSF and IL-3 stone islands' were detected. [1] [2] [3] At an intermediate stage hematopoietic cells, dependent for growth on either conditioned FDC-P1 cells were plated into 96-well plates (1000 or 5000 medium from D2XRII cells or M-CSF, appeared in the culture cells/well) in a 50 l volume and 50 l of conditioned medium. At a later stage non-adherent, cells emerged that no medium (CM) from each factor-independent cell line was added. Neutralizing antibodies to IL-3 (500-P53) or GM-CSF (500-P65) (Pepro Tech, Rocky Hill, NJ, USA) were added at preparation of CM, cells were grown to confluence and were pelleted by centrifugation. WEHI-3B CM (50 l) or recombito 3090 in exon 4 and GM-CSF2214a (GTCTGC-ACACATGTTAGCTT) and corresponds to nucleotides 2233 to nant 0.5 ng/ml GM-CSF from Pepro Tech was added as positive controls and the basal medium, RPMI, was added as a 2214 in exon 3 based on the sequence of Miyatake et al.
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PCR analysis was performed with 0.5 to 3 g of genomic negative control. The CM values shown in Figure 1 represent the average of triplicate wells. The average of duplicate wells DNA, using Ex Taq (Oncor-TaKaRA, Gaithersburg, MD, USA) and following the instructions of the manufacturer. The were used for wells that received CM plus an antibody.
sequence of primer IAP1 is TGCTCCTGAAGATGTAAGA and was derived from a sequence isolated as a cDNA clone from FI7CL2 cells.
PCR and RT-PCR analysis
RNA and DNA were isolated by standard methods. 16, 17 Reverse transcription was carried out with superscript (Gibco Southern blot analysis BRL, Gaithersburg, MD, USA) and Taq polymerase (Boehringer Mannheim, Indianapolis, IN, USA) and following For Southern analysis of genomic DNAs, PCR and RT-PCR products, the DNA was transferred to a nylon membrane and the instructions of the manufacturer. Other details for amplification are provided in the Figure legends. The sequence of probed with pmGMCSF1 cDNA or pmuIL3-3. The pmGMCSF1 plasmid is a cDNA clone generated by RT-PCR the primers for detection of IL-3 RNA were IL-3S (GTTCTTGCCAGCTCTACCACCAGC) and IL-3AS (CACamplification of the murine GM-CSF gene using the GM-CSFS and GM-CSFAS primers and was labeled using the same GGTTCCACGGTTAGGAGAGAC) which corresponds to nucleotides 524 to 547 (sense direction) and to nucleotides primers and substituting ␣ 32 P-dCTP for cold dCTP. The IL-3 probes were labeled by random priming (Boehringer 2335 to 2358 (antisense direction) of the IL-3 gene, respectively. 18 The GM-CSF primers included GM-CSFS Mannheim) of pmuIL3-3 (Genetics Institute, Andover, MA, USA) and by PCR using primers IL-3S and IL-3 AS. Prehy-(CCCATCACTGTCACCCGGCCTTGG) which corresponds to nucleotides to 1234 to 1257 in the GM-CSF gene and GMbridizations and hybridizations were in Church buffer 20 at 60°C for 1 h and overnight, respectively. Blots were washed CSFAS (GTCCGTTTCCGGAGTTGGGGGGC) and corresponds to nucleotides 2326 to 2339 in exon 3 and to 3082 briefly in 0.5 × SSC, 0.5% SDS and then for 45 min in the
Figure 1
Anti-IL-3 or anti-GM-CSF antibody neutralizes cytokines secreted by seven out of nine factor-independent cell lines. FDC-P1 cells were plated at 5000 cells per well into 96-well plates supplemented with 50 l of conditioned medium (CM) from each factor-independent cell line or GM-CSF at a final concentration of 50 ng/ml. Data are presented as the average and standard deviation of Cloning and DNA sequence analysis of PCR and RT-PCR products PCR or RT-PCR products were cloned into the pCRII vector (Invitrogen, Carlsbad, CA, USA) following the instructions of the manufacturer. The GM-CSF PCR products were purified on an agarose gel before cloning. The Qiagen mini plasmid prep kit (Chatsworth, CA, USA) was used to isolate plasmid DNA. Automated DNA sequence analysis using an ABI PRISM 377 and the IAP1 primer was performed to sequence the clones. DNA sequences were analyzed by homology searches with the GenBank rodent data base using the FastA program. Selected sequences that were homologous to IAP, IL-3 or GM-CSF are shown in the Figures.
Results
Seven out of nine factor-independent cell lines selected in the coculture system express IL-3 or GM-CSF Some in vivo gamma irradiation induced, factor-independent cell isolates of FDC-P1 have been shown to be the result of an autocrine mechanism. 7 To determine whether these in vitro induced factor-independent cell lines from our previous studies 4,5 synthesized IL-3 or GM-CSF, biological assays were carried out. The conditioned media from each factorindependent cell line was added to FDC-P1 cells in the presence or absence of a neutralizing antibody, either anti-IL-3 or anti-GM-CSF. Tritiated thymidine was added 15 h later and FDC-P1 cells were harvested and counted 4-6 h later. In two cell lines, FI7CL2 and FI8CL4, no cytokine activity could be detected above that observed with RPMI, the basal medium. The conditioned medium from factor-independent cell lines, FIJ1, FIJ4D, FIJ10D, FI2B5, or FI7CL8 contained IL-3-like activity because the anti-IL-3 antibody inhibited the stimulation of DNA synthesis (Figure 1 ). Factor-independent cell lines FI2A1, FI2A5 and FI7CL8 synthesized a GM-CSF-like RT-PCR analysis with GM-CSF primers (GM-CSFS and GM-IL-3 and GM-CSF genes. 7,9-13 To determine whether IAPs were located in novel locations in the IL-3 gene in those cell lines CSFAS), resulted in the amplification of the appropriate size fragment of 279 bp in FI cell lines, FI7CL8, FI2A1, FIA25, that expressed IL-3, PCR analysis was carried out using IAP and an IL-3-specific primer. DNA fragments of 1400 and 2300 FIJ4D, FI8CL4 and FI2B5 (Figure 1b, lanes 1-4, 7 and 8 ). In three of these six cell lines (FI2A1, FI2A5 and FI7CL8) GMbp, that were homologous to IL-3, were amplified by PCR with genomic DNA using primers IAP1 and IL-3AS in cell lines CSF biological activity by the DNA synthesis assay was detected (Figure 1 ). In contrast, in cell lines FI8CL4 and FIJ4D FIJ1, FIJ4D and FIJ10D (Figure 3a , lanes 1, 2 and 3). PCR amplification was detected in the other cell lines on the ethidand in FI2B5 where a GM-CSF transcript was detected by RT-PCR analysis, GM-CSF biological activity was not detected.
ium bromide-stained gel (data not shown) but these DNAs were not homologous to IL-3. Biological activity in the conditioned medium from cell lines FIJ4D and FI2B5 was significantly inhibited by the anti-IL-3
To confirm that the bands detected in Figure 3a were the result of an IAP/IL-3 junction that was due to the novel inserantibody but not by anti-GM-CSF antibody. In cell line FI8CL4 no cytokine activity was detected. The appearance of GM-CSF tion of an IAP into the IL-3 gene, PCR fragments were cloned and DNA sequence analysis was carried out. The DNA transcripts in the absence of biological activity has previously been reported in leukemic cells from patients with acute myesequence of a 1400 bp PCR fragment from cell line FIJ1 revealed that the first 98 bp extending from the IAP1 primer loblastic leukemia. 21 the IAP insertion occurred 5Ј of the third intron. This result confirms the location of an IAP in the second intron of the IL-3 gene that was detected in the PCR clone from cell line FIJ1. The cDNA clone, pFIJ10RTa differs from that of pFIJ1RTc in that the former contains 440 bp of IAP related sequence at its 5Ј end and the latter contains only 94 bp of IAP-related sequences. The two clones are identical in that the IL-3 sequences start with the beginning of exon 3. Thus these two factor-independent cell lines contain two different IAP insertions and their insertion sites appear to be unique based on the fragments that were amplified by PCR (Figure 3) . However, both cell lines also contained an IAP/IL-3 transcript in which the IL-3 sequences begin at the start of exon 3. Such a transcript would code for a protein with a deletion of the first 69 amino acids. In cell line FIJ4D a cDNA clone, pFIJ4RTb, we detected an IAP/IL-3 transcript in which the first 103 bp were IAP sequences followed by 13 bp that do not align with IAP
Figure 4
Insertion of an IAP sequence in IL-3 RNA at a novel site or IL-3, followed by homology to the IL-3 gene at bp 73 in is detected in three factor-independent cell lines that express IL-3.
the IL-3 cDNA clone. 23 This clone would delete the first 15
Conditions for RT-PCR amplification are described in the legend for amino acids of the IL-3 open reading frame. FI2B5, in which an IL-3 transcript could be detected by RT-PCR analysis, no amplification of DNA was observed when primers IAP1 and IL-3AS were used. However, rearrangement was homologous to IAP LTRs. One of the alignments with IAPs revealed that the IAP homology corresponded to bps 244 to of the IL-3 gene was detected by Southern blot analysis (data not shown). In cell line F17CL8 amplification of a DNA with 338 in a mouse full-length IAP sequence Mmfliap. 22 The final 4 bases of the IAP homology AACA (shown in bold in homology to IL-3 was amplified by these primers but the quantity of DNA was too low to allow its isolation. Figure 3b ) is the short inverted repeat located at the ends of IAP LTRs. Bases 98 to 830, where the sequence ends, are homologous to the IL-3 gene. 18 A portion of the DNA sequence alignment of pJ1IL3-d with Musfliap and with the IAP insertions in the GM-CSF gene are detected in three of the nine factor-independent cell lines but do IL-3 gene is shown in Figure 3b and confirms that an IAP had inserted into the second intron of the IL-3 gene at bp 1014 not correlate with GM-CSF production and indicated by the vertical line in Figure 3b .
Two PCR clones from cell lines FIJ4D and four PCR fragTo determine whether IAPs were also inserted into the GM-CSF gene, DNA from factor-independent cell lines were cut ments from FIJ10D, all of the appropriate size (approximately 2000 bp), were cloned and sequenced. In each case the with the restriction endonuclease HindIII and hybridized to murine GM-CSF ( Figure 6 ). Southern blot demonstrated that cloned PCR fragments could either not be sequenced with the IAP1 or IL-3AS primer, or if sequence was obtained it did not cell lines FI2B5, FI7CL8 and FI7CL2 contained a rearrangement of the GM-CSF gene ( Figure 6 , lanes 3, 5 and 9). Cell show clear homology to IL-3. It is unclear why PCR fragments of the IAP/IL-3 junction were not obtained from cell lines lines FI2B5 and FI7CL2 contained a novel band of approximately 3400 bp that was more intense than the 5800 bp band FIJ4D and FIJ10D; however, insertion of an IAP into the IL-3 gene was next assayed and confirmed by cloning and sequenthat was common to all other cell lines, including FDC-P1JL26 (lane 10). The intensity of the 3400 band may indicate that cing of RT-PCR fragments.
Amplification of factor-independent cell line RNAs by RTthe GM-CSF gene was amplified. In cell line F17CL8 (lane 5) a novel 2100 bp band was detected with the GM-CSF probe. PCR using the primers described in Figure 3 indicated that the same three cell lines (FIJ1, FIJ4D and FIJ10D) , contained an To examine the possibility that factor-independent cell lines contained an IAP insertion in the GM-CSF gene that might be IAP insertion in the transcripts of the IL-3 gene (Figure 4, lanes  1, 2 and 3) . The ethidium bromide-stained gel of the RT-PCR responsible for the rearrangement of the GM-CSF gene, seminested PCR was performed with IAP and GM-CSF primers products revealed that RNAs from all the cell lines showed amplification (data not shown) but only the RT-PCR products (Figure 7) . The first round of PCR was performed with the IAP1 and GM-CSFAS primers and products of this reaction were from cell lines FIJ1, FIJ4D and FIJ10D were homologous to the IL-3 probe. Several bands were detected but the most reamplified with IAP1 and GMCSF2214a primers and hybridized to the GM-CSF1 probe (Figure 7 ). DNA from cell intense band was the 490 bp band.
To confirm conclusively that the RT-PCR bands homololines FI7CL2 (lane 3), FI2B5 (lane 8) and FI7CL8 (lane 10) amplified bands in the secondary PCR reaction that were gous to IL-3, were actually IAP/IL-3 junction fragments, the RT-PCR fragments were cloned and sequenced. The junction homologous to GM-CSF and were not amplified in the parental cell line, FDC-P1JL26. The location of both the primary sequence of one clone from an RT-PCR reaction from each of the three cell lines FIJ1, FIJ4D and from FIJ10D is shown in and secondary PCR primers on the GM-CSF gene are shown in Figure 8 . The DNA fragments indicated by arrows in Figure 5 and each is designated by the plasmid name pFIJ1RTc, pFIJ4RTb or pFIJ10RTa, respectively. The cDNA Figure 7 were cloned and DNA sequence analysis was carried out. clones from cell lines FIJ1 and from FIJ10D demonstrated that DNA sequence analysis of RT-PCR fragments confirm that an IAP sequence is inserted into the IL-3 gene in factor-independent cell lines. A diagrammatic representation of the IAP genome and a IL-3 cDNA clone are shown. Open boxes indicate the IAP LTRs and the exons of the IL-3 cDNA with numbers indicating the 5Ј nucleotide of each exon of the IL-3 cDNA. 23 The location of the primers (arrows), used to generate the cloned fragments is shown. The DNA sequence of the IAP/IL-3 junction of clones (pFIJ4RTb, pFIJ1RTc and pFIJ10RTa) containing products of RT-PCR reactions, identical to those described in Figure 4 (lanes 1-3) is shown. Below the IAP diagram on the left are IAP sequences and below the IL-3 cDNA map on the right are the IL-3 sequences, and in the middle are DNA sequences that could not be aligned with either IAP or IL-3. The IL-3 DNA sequences are oriented in the transcriptional orientation of the IL-3 gene with the IL-3 cDNA nucleotides 23 shown in bold below and indicate the location of the IAP insertion. An AACA sequence that appears as an inverted repeat at the ends of the IAP LTRs is indicated in bold letters.
Figure 7
IAP insertion in the GM-CSF gene detected by seminested PCR amplification. Primary DNA amplification was carried out with each cell line DNA and the IAP1 and the GM-CSFAS primers using TaKaRa polymerase (Oncor). The PCR products were amplified with the IAP1 and the GMCSF2214a primers and Taq Polymerase (Boehringer Mannheim). Secondary PCR products were hybridized to the GMCSF1 probe. The primary PCR templates for the secondary PCR reactions that are shown are as follows: 1, no template; 2, FDC-P1JL26; 3, FI7CL2; 4, FIJ10D; 5, FIJ1; 6, FI2A1; 7, FI2A5; 8, FI2B5; 9, FI8CL4; 10, FI7CL8; 11, FIJ4D. Approximate sizes of relevant fragments are indicated. Location of primers and the sequence of the fragments that are indicated by arrows is described in detail in Figure 8 .
In all three molecular clones of the IAP/GM-CSF junctions the characteristic AACA, that is often found as an inverted repeat at the ends of IAP LTRs was identified (Figure 8) . In all three clones the IAP homology extended approximately 75 to 100 bp from the IAP1 primer, which was used to obtain the sequence. Molecular clones 7cl2gma and 2b5gma both contain an IAP insertion at the 5Ј end of the GM-CSF gene, 15 bp downstream from the GM-CSF transcription initiation, and sequences would result in a translation product with a deletion of 64 amino acids at the N terminus. We conclude ternae of the endoplasmic reticulum (reviewed in Ref. 10). IAP expression is limited in the normal mouse to the thymus, actithat this C-terminal, 77 amino acid, mutant protein contained biological activity based on the results seen in Figure 1 or that vated splenic B cells and in the stem cell of the germ line.
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Overexpression of IAP transcripts has been detected in a wide the biologically active GM-CSF was expressed from the other allele. Alternatively, the transcript may have been initiated at variety of tumors and tumor cell lines including colon, myeloma, neuroblastoma, mammary tumors and melanoma. 26, [30] [31] [32] [33] [34] The the normal location and the IAP sequence was spliced out of the transcript.
insertion of IAP elements into the IL-3 and GM-CSF genes have been previously correlated with gene expression 7, [9] [10] [11] In molecular clone 7cl8gma the homology with the GM-CSF gene extended from the point of insertion in the second and have been shown to activate the IL-3 and GM-CSF genes by stimulation of transcription or by stabilization of the IL-3 intron at bp 2152 to the GMCSF2214a primer that was used to generate the fragment. Likewise the homology of the molmessage. 12, 13 Some of the factor-independent cell lines described by us ecular clone 2b5gma to the GM-CSF gene extended from the point of insertion at bp 1066 to the end of the sequence at fall into one of the three classes of leukemic cell clones defined by Leslie et al. 11 The present data show that cell lines bp 762. Molecular clone 7cl2gma was distinctive in that the homology search with the GenBank rodent data base aligned FIJ1, FIJ4D, and FIJ10D are class I clones in that they contain an IAP in the IL-3 gene and express IL-3. Cell line FI7CL8 falls bp 97 to 306 with a GM-CSF cDNA. 24 This molecular clone had a deletion of both introns 1 and 2 and may therefore repinto the class II category in that it expresses GM-CSF and it contains rearrangement of the GM-CSF gene. resent a transcript that had been reverse-transcribed and reinserted into the genome via an IAP.
None of the present cell lines fell into class III, which includes cell lines that do not show rearrangement or expression of either the IL-3 or GM-CSF genes. Cell lines FI8CL4 and FI7CL2 did not express either IL-3 or GM-CSF but Discussion rearrangement of the cytokine genes was detected. (Data for cytokine rearrangements in cell line FI8CL4 are not presented Intracisternal type-A particles (IAP) are endogenous, defective retrovirus-like proviruses which, while incapable of horizontal here.) Cell lines FI8CL4 and FI7CL2 are also distinct from the leukemic, factor-independent cell lines isolated from transmission, can be found by electron microscopy in the cis-irradiated mice.
6,7 Further study will be required to determine independent cell lines frequently show expression of IL-3 and/or GM-CSF and a majority of these autocrine lines contain whether retrotransposition of IAPs into other genes, that may play a role in cellular proliferation and survival, have taken novel insertions of IAP sequences in these respective cytokine genes. Because IAP LTRs have been shown to activate the place in cell lines FI8CL4 and FI7CL2.
The most unique factor-independent cell line in our studies expression of many genes, it seems reasonable to assume that the retrotransposition of IAPs were involved in the activation was FI7CL2. This cell line contained a DNA sequence with an IAP insertion 15 bp downstream of the transcription of IL-3 and GM-CSF in these factor-independent cell lines. These present and previous observations 4,5 suggest a model initiation site in the GM-CSF gene, followed by processed exons 1, 2 and the 5Ј end of exon 3, where the 3Ј primer, for indirect irradiation effects on factor-dependent cells through stromal cells. The irradiation of the bone marrow stroused in PCR was located. The presence of an IAP sequence and the absence of introns in the molecular clone, 7cl2gma mal cells causes changes in gene expression. 37 Some of these changes result in the increased synthesis or transport of growth suggests that GM-CSF has been transduced by an IAP and processed via reverse-transcription and retrotransposition. Prefactors or cytokines that interact with hematopoietic cells. As a consequence of stromal-hematopoietic cell interactions the vious reports have documented that IAPs are capable of removing introns from a neo gene, that was cloned into an hematopoietic cells receive signals that allow cells such as FDC-P1JL26 cells to proliferate so that cobble stone islands IAP genome, 35 but we are unaware of any processed cytokine genes that have been isolated spontaneously.
are formed. During the prolonged contact with irradiated stromal cells, FDC-P1JL26 cells acquire the ability to express ILSeveral possibilities exist to explain the observation that insertions of IAP into the GM-CSF gene have occurred in cell 3 and or GM-CSF due to a retrotransposition of an IAP. The role of the stromal cells may be passive in that they provide lines in which no expression of the gene was detected. Additional alterations in the GM-CSF gene such as methyla growth factor(s) that allow the FDC-P1JL26 cells to survive long enough for an IAP to retrotranspose to a position that ation or other rearrangements that we did not detect by the primers and probes used here, may be required for GM-CSF allows growth in the absence of stromal cells. Alternatively, irradiated stromal cells may play an active role in the selection expression. Rearrangements in the GM-CSF gene detected in the factor-independent cell lines that did not express GM-CSF of factor-independent cells by stimulation of IAP retrotransposition. Further studies will be required to test the two models. could have prevented expression of a functional GM-CSF protein. The fact that IAP insertions occurred that did not result in any obvious selective advantage for these cell lines argues that this region is a hot spot for insertion of IAPs. It is also Acknowledgements possible that the rearrangement observed in the GM-CSF gene occurred as a consequence other rearrangements in the IL-3
This work was supported by a research grant of the National Institute of Health, CA39851. gene. The GM-CSF and IL-3 genes are within 10-14 kb of each other and a rearrangement in one of them may result in rearrangement of the other. 36 Another explanation for the rearrangements in the gene for GM-CSF with no biologically References active expression is that the factor-independent cells may lines, an IAP insertion was detected in the second intron of
